We elucidated the diffusive-thermal instability of premixed flames with low unburned-gas temperature under the adiabatic and non-adiabatic conditions. Numerical calculations of two-dimensional unsteady reactive flows were performed, based on the diffusive-thermal model equation. Lewis numbers smaller than unity were adopted, and radiative heat loss was treated. As the unburned-gas temperature became lower, the growth rate decreased and the unstable range narrowed, which was due to the decrease of the burning velocity of a planar flame. As for the growth rate and unstable range normalized by the burning velocity of a planar flame, the former increased and the latter widened. This was due to the enlargement of Zeldovich numbers. Taking account of radiative heat loss, the normalized growth rate was large and the normalized unstable range was wide. This indicated that the heat loss had a pronounced influence on the diffusive-thermal instability of premixed flames with low unburned-gas temperature. Moreover, the cellular-shape flame fronts formed owing to diffusive-thermal instability. The burning velocity of a cellular flame normalized by that of a planar flame increased as the unburned-gas temperature became lower and the heat loss became greater. This was because of the enlargement of Zeldovich numbers and the pronounced influence of heat loss.
Introduction
Antarctica is the only and significant place for scientists to explore the natural process in many different fields (Block, 1994; Yoon, et al., 2002; Burton, 2010) . Because of the extremely cold weather conditions, where the recorded lowest temperature is -89.2°C, it is important to get safely energy sources to continue the research works. Power generation for research stations and camp fields in Antarctica is mainly supported by the combustion of liquid hydrocarbon fuels. However, we have serious problems in handling, such as freezing of liquid fuels, and in combustion, such as emissions of particulate matter, carbon monoxide and carbon dioxide.
In almost all research stations in Antarctica, we try to reduce the reliance on fossil fuels by using renewable energy sources, such as wind and solar energy with the advanced technology (Obara, et al., 2013; Boccaletti, et al., 2014) and wind-hydrogen energy system (Aprea, 2012) . Although renewable energy resources are applicable to the effective ways, the payback period of systems depending on the projects takes many years (Tin, et al., 2010) .
Thus, we have still serious problems concerning with energy sources in Antarctica. Choosing gaseous fuels, such as hydrogen and/or methane, with air for lean premixed combustion is one of the effective ways. This is because that lean premixed combustion of hydrogen and/or methane reduces pollutants in exhaust gases, compared with the combustion of liquid hydrocarbon fuels. Moreover, hydrogen and methane keep gaseous state under the conditions of -89.2°C, so that the problem of fuel freezing can be cleared. Thus, we strongly desire to investigate the characteristics of lean premixed flames with low unburned-gas temperature.
Since hydrogen and methane are lighter than air, lean premixed flames are easy to become unstable. To control the combustion of lean premixtures with low unburned-gas temperature, we need to obtain the knowledge of characteristics of premixed flames, especially the flame instability. Generally, there are three fundamental types of intrinsic instability in premixed flames, i.e. hydrodynamic instability, diffusive-thermal instability and body-force instability. Diffusive-thermal instability due to the preferential diffusion of mass and heat is the root of formation of cellular flames (Strehlow, 1984; Williams, 1985) . Thus, the diffusive-thermal model equation was used to investigate the mechanism of cellular-flame formation (Sivashinsky, 1977) .
In practical combustion, the heat loss plays an important role in the flame instability. Linear analyses on the instability of non-adiabatic premixed flames, based on the diffusive-thermal model equation, with conductive heat loss (Joulin and Clavin, 1979) and with radiative heat loss (Kagan and Sivashinsky, 1997) were performed. The results showed that the heat loss promotes the instability of premixed flames at small Lewis numbers. The effects of heat loss were also investigated numerically, based on the diffusive-thermal model and compressible Navier-Stokes equations (Buckmaster and Jackson, 1994; Bechtold, et al., 2005; Kadowaki, 2005; Matalon and Bechtold, 2009; Kadowaki, et al., 2011) . However, instability phenomena under the low temperature conditions have not been investigated yet.
Although the authors performed the numerical calculations to investigate the effects of heat loss on the diffusive-thermal instability of premixed flames with high unburned-gas temperature (Kadowaki and Thwe Thwe Aung, 2012; Thwe Thwe Aung and Kadowaki, 2013) , the instability of non-adiabatic premixed flames with low unburned-gas temperature has not been investigated yet. Therefore, we shall elucidate the diffusive-thermal instability of premixed flames with low unburned-gas temperature under the adiabatic and non-adiabatic conditions.
In this paper, the authors performed the numerical calculations of two-dimensional unsteady reactive flows, based on the diffusive-thermal model equation. The unburned gas with low temperature was treated to investigate the flame instability under the low temperature conditions. Moreover, we investigated the characteristics of cellular flames induced by diffusive-thermal instability. 
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Numerical formulation
The single-reactant flames were considered in numerical calculations, and the used assumptions were as follows: The chemical reaction was a one-step irreversible exothermic reaction, and the reaction rate obeyed the Arrhenius' law. The unburned and burned gases had the same molecular weights and the same Lewis numbers. The density, specific heat and transport coefficients were constant throughout the whole region.
The diffusive-thermal model equation was used, where the thermal-expansion effects were disregarded (Sivashinsky, 1977) . The flow variables were non-dimensionalized by the temperature and mass fraction of fuel of the unburned gas, the preheat zone thickness, and the burning velocity for a standard premixed flame under the adiabatic conditions. To elucidate the effects of heat loss, radiative term was added in the energy conversation. When conductive heat loss was treated, the similar numerical results of diffusive-thermal instability can be obtained. The non-dimensionalized governing equations in the Cartesian coordinates were written as follows:
Numerical calculations
A standard premixture with the adiabatic flame temperature of 2086 K at room temperature and atmospheric pressure was considered. The non-dimensional adiabatic flame temperature for a standard premixed flame was set to 7.0, which was general for hydrogen-air and methane-air premixed flames. The non-dimensional parameters used in numerical calculations were Q = 6.0 and E = 70. The value of Q was obtained from the difference in temperature between unburned and burned gases, and the non-dimensional activation energy was correlated with the activation energy of 173 kJ/mol. The Lewis number was set to 0.3 and 0.5. The inlet-flow velocity was set to the burning velocity of a planar flame, U = S u . The frequency factor was obtained under the conditions that the calculated burning velocity of an adiabatic planar flame was equal to the set value. The unburned-gas temperature was set to 0.6 through 1.0, i.e. -94.2°C through 25°C, and Yᵤ was set to 1.0 because of the constant temperature jump. Under the non-adiabatic conditions, R hl was set to 4.0 ×10 -5 .
The governing equations were solved by the explicit McCormack scheme which has second order accuracy in both time and space. The computational domain was 200 times the preheat zone thickness in the x-direction and one wavelength in the y-direction. A uniformly spaced grid was used, and the grid sizes in x-and y-directions were 0.1 and λ/64, respectively. The computational domain was resolved by a 2001×65 grid, and it was fine enough to perform numerical calculations. The adopted time-step interval was 1.0×10⁻⁴. The boundary conditions were provided by free-flow conditions in the x-direction and periodic conditions in the y-direction.
A sinusoidal disturbance periodic in the y-direction was superimposed on a planar flame, and the evolution of the disturbed flame front was numerically calculated. The displacement of the flame front in the x-direction due to the superimposed disturbance was Aᵢ sin(2 πy/λ)
When the amplitude was sufficiently small, the superimposed disturbance grew exponentially with time, A ~ e ω t . When the disturbance grew to some degree, the growth rate gradually decreased and eventually dropped to zero, which was due to the non-linearity brought about by finite amplitudes. The initial amplitude was set to 0.1 for dispersion relations and 1.0 for cellular flames.
Numerical calculations were performed by a computer of IBM Power 780 at Nagaoka University of Technology. Each computational time ranged from 4 to 11 hours.
Results and discussion
To investigate the effects of unburned-gas temperature and radiative heat loss on diffusive-thermal instability, we obtain the relation between the growth rate and wave number, i.e. the dispersion relation. The dispersion relations, depending on the unburned-gas temperature (T u = 0.6, 0.8 and 1.0), under the adiabatic and non-adiabatic conditions are shown in Fig. 1 . As the unburned-gas temperature becomes lower and radiative heat loss becomes greater, the growth rate decreases and the unstable range narrows. This is due to the decrease of the burning velocity of a planar flame. The growth rates of Le = 0.5 flames are smaller than those of Le = 0.3 flames, because diffusive-thermal instability weakens when the Lewis number approaches to unity. Moreover, the critical wave number decreases as the unburned-gas temperature becomes lower. The critical wavelength corresponding to the critical wave number (λ c = 2π / k c ) becomes longer, which is related with the spacing between cells in a cellular flame induced by diffusive-thermal instability.
The burning velocity of a planar flame affects the dispersion relation (Sivashinsky, 1977) , and it depends drastically on the unburned-gas temperature and radiative heat loss. Thus, we normalize the growth rate and wave number by the burning velocity of a planar flame to investigate the characteristics of diffusive-thermal instability. Under the adiabatic conditions, the values of S u at T u = 0.6, 0.8 and 1.0 are 0.66, 0.81 and 1.00, respectively. Under the non-adiabatic conditions, the values of S u are 0.59, 0.73 and 0.90, respectively. Figure 2 shows the normalized dispersion relations. The normalized growth rate increases as the unburned-gas temperature becomes lower. To elucidate the effects of unburned-gas temperature, we consider the Zeldovich number which is closely related with diffusive-thermal instability. At Lewis numbers smaller than unity, the instability intensity becomes stronger as the Zeldovich number enlarges (Sivashinsky, 1983) . The values of β at T u = 0.6, 0.8 and 1.0 are 9.64, 9.08 and 8.57, respectively. The low unburned-gas temperature causes the enlargement of Zeldovich numbers, so that the instability intensity becomes stronger as the unburned-gas temperature becomes lower. Moreover, the heat loss causes strong intensity in diffusive-thermal instability. This indicates that the heat loss has a pronounced influence on the diffusive-thermal instability of premixed flames with low unburned-gas temperature. Next, we investigate the characteristics of cellular flames induced by diffusive-thermal instability. To obtain a cellular flame, a disturbance with the critical wavelength is superimposed, where A i = 1.0. Figures 3 and 4 illustrate the evolution of disturbed flame fronts at Le = 0.3 and T u = 1.0 & 0.6 under the adiabatic and non-adiabatic conditions. The flame front is defined as the position where the reaction rate takes maximum value. The unburned gas flows in from the left at the burning velocity of a planar flame, and the burned gas flows out to the right. The superimposed disturbance evolves owing to diffusive-thermal instability, and then the cellular flame forms and moves upstream. This movement is caused by the increase of the burning velocity due to the increase of flame-surface area. Under the adiabatic conditions, the increases of the burning velocity at instability. Moreover, the cell depth increases as the heat loss becomes greater. The cell depths are 4.47 & 6.85, respectively, under the non-adiabatic conditions. This indicates that the heat loss promotes the flame instability. The temperature distributions of cellular flames under the adiabatic and non-adiabatic conditions are illustrated in Figs. 5 and 6. In non-adiabatic flames, we find that the burned-gas temperature decreases towards the downstream because of radiative heat loss. At convex flame fronts both in adiabatic and non-adiabatic flames, the overshoot of temperature appears owing to the preferential diffusion of mass and heat. This overshoot causes the unstable behavior of cellular flames (Kadowaki and Hasegawa, 2005) .
The temperature distribution of the cellular flames at Le =0.5 and T u = 1.0 & 0.6 under the non-adiabatic conditions are shown in Fig. 7 . Compared with the Le =0.3 flames, the cell depth and overshoot of temperature are small. This shows that the unstable behavior of cellular flames becomes weaker due to the decrease of intensity of diffusive-thermal instability.
The burning velocity of a cellular flame increases owing to the increase of flame-surface area induced by diffusive-thermal instability. We normalize the burning velocity of a cellular flame by that of a planar flame to investigate the effects of unburned-gas temperature and heat loss. Figure 8 shows the normalized burning velocities of cellular flames at Le = 0.3 and 0.5 under the adiabatic and non-adiabatic conditions. The normalized burning velocity increases as the unburned-gas temperature becomes lower, where the Zeldovich number enlarges. This means that the Zeldovich number is most significant factor in the normalized burning velocity of a cellular flame. As the heat loss becomes greater, the normalized burning velocity increases, which is due to the pronounced influence of heat loss. Moreover, the normalized burning velocities of Le = 0.5 cellular flames are smaller than those of the Le =0.3, which is because of the weakness of diffusive-thermal instability.
Conclusions
We have performed numerical calculations of two-dimensional unsteady reactive flows, based on the diffusive-thermal model equation, to elucidate the diffusive-thermal instability of premixed flames with low unburned-gas temperature under the adiabatic and non-adiabatic conditions. The obtained results are as follows: As the unburned-gas temperature becomes lower, the growth rate decreases and the unstable range narrows. As for the growth rate and unstable range normalized by the burning velocity of a planar flame, the former increases and the latter widens, which is due to the enlargement of Zeldovich numbers. When we take account of radiative heat loss, the normalized growth rate is large and the normalized unstable range is wide, indicating that the heat loss has a pronounced influence on the diffusive-thermal instability of premixed flames with low unburned-gas temperature. Moreover, we obtain numerically the cellular-shape flame fronts induced by diffusive-thermal instability. The burning velocity of a cellular flame normalized by that of a planar flame increases as the unburned-gas temperature becomes lower and the heat loss becomes greater. This is because of the enlargement of Zeldovich numbers and the pronounced influence of heat loss. In this paper, we use the diffusive-thermal model equation where the thermal-expansion effects are disregarded. Thermal expansion affects the characteristics of instability of premixed flames. Thus, we plan to perform numerical calculations of unsteady reactive flows, based on the compressible Navier-Stokes equation, to elucidate the thermal-expansion effects on the intrinsic instability of premixed flames with low unburned-gas temperature.
